Introduction
Polymer-based organic electronics is making rapid strides these days with applications in both electronics and optoelectronics attracting the attention of researchers worldwide [1, 2] . Continued progress in this field requires advances in a number of disciplines such as the physics and chemistry of conducting polymers, fabrication technologies suitable for polymeric materials, novel device architectures and implementation of material and device modelling [3, 4] . The first among these is of particular importance as better fundamental understanding of organic conducting materials is likely to be the key to better devices and integrated systems of the future.
Understanding the long term ageing behaviour of conducting polymers and their interactions with the surfaces of other materials is widely accepted as the key to producing low-cost commercial polymer electronics devices. The understanding of electrical conduction in conjugated polymers has advanced rapidly over the past few years but much is still unknown. The interfaces formed by conjugated polymers with various other conducting materials are potentially of great significance because their behaviour affects many kinds of devices. Advances in metal-semiconductor contact technology has improved conventional inorganic semiconductor devices and similar advances in organic contact technology is certain to benefit organic electronic and optoelectronic devices. Here, we report our work on polyaniline's interfaces with a number of surface electron-rich solids. The combinations reported are particularly interesting because here polyaniline -a p-type organic conductor is combined with metallic and other strongly n-type materials. The way in which charge is carried across such interfaces is of great importance for both active and passive polymer electronic devices.
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Polyaniline (PANI), used in our work, is a well-known conducting polymer that is used for a variety of applications ranging from anti-static packaging to electromagnetic shielding. Various forms of polyaniline could be synthesised and these have somewhat different properties. The electronic and optoelectronic properties of polyaniline have been extensively investigated [5, 6] . Commercially, polyaniline is available as a solution in various solvents such as toluene, xylene, tetrahydrofuran and water. Films could be spray, dip or spin coated from any of these products. In the past, polyaniline films have been used in resistive sensors because of their ability to undergo rapid change in electrical conductivity on doping with certain chemical species [7] [8] [9] [10] [11] [12] . The polyaniline we used in this work was obtained from Panipol in Finland (Panipol-T) and consisted of a 6.7% (w/w) solution of polyaniline in toluene.
It should be mentioned here that we tried both water-and toluene-based solutions of polyaniline and found that water-based polyaniline produced inferior thin-films as compared to toluene-based polyaniline. For this reason it was decided to use Panipol-T instead of Panipol-W -the water-based polyaniline also available from Panipol.
Polyaniline-metal contacts
Contacts between conducting polymers and metals are of obvious interest because of their use in organic electronic devices [13] . A good review on this topic has been published by Mark Lonergan [14] . Optoelectronic devices, such as OLEDs, require at least one contact to be transparent and indium tin oxide (ITO) is usually used for this purpose. Aluminium-doped zinc oxide (AZO) is also being considered for this application. The other contact can be an opaque metal contact and it also usually acts Resistances were measured by a Fluke bench top multimeter, at room temperature.
These measurements were taken both immediately after contact deposition and after 6 an annealing step where samples were kept in a heated furnace tube at 80 °C for 12 hours under flowing nitrogen gas. The temperature was intentionally kept much lower than the reported glass transition temperature T G of polyaniline (around 220 -250 °C, depending on the degree of polymer cross-linking) [15] but high enough that the polymer was allowed to relax thermally. Furthermore, 80 °C was found to be high enough to get rid of any trapped toluene, as indicated by a stable film thickness. The results are summarised in Fig. 1 . Here, small circles show resistances before annealing and large circles show resistances after annealing for the three metals with work functions stated above. There was very little difference in resistances measured after contact annealing when compared to resistances measured immediately after contact deposition, showing the absence of physical or chemical reactions at metalpolyaniline interfaces, at least for the three metals that were investigated in this work.
In addition, we also simulated contact ageing by heating them in flowing oxygen gas at 80 °C for 48 hours. The resistances obtained after that treatment appear in Fig. 1 as horizontal bars, for the three cases. Aluminium and nickel contacts showed an increase in resistance but curiously we found reduced resistance in the case of goldpolyaniline contacts. As gold is a noble metal that doesn't react with oxygen easily so a possible explanation may be based on oxidative doping of polyaniline causing enhanced conductivity. It should be mentioned here that we also examined the behaviour of copper contacts to polyaniline and found their behaviour similar to that of gold in forming low resistance contacts. However, copper is not a recommended contact material because it oxidizes easily and the contacts increase in resistance quite rapidly. reveal much information about the interaction of superconductivity with normal electron systems [20] [21] [22] [23] . In this work we constructed a similar hybrid device using 10 polyaniline as one component of the hybrid. An InAs-PANI hybrid is potentially interesting because whereas the InAs surface is of a metallic electron-rich character, PANI has majority hole-dominated electrical transport. Our InAs-PANI device was made in a way that was very similar to that described in the previous section on the graphite-PANI device except for the presence of the silica island which was not needed here because InAs doesn't have a porous surface. Similar to the graphite-PANI device, here too we had a gold electrode on top of the PANI film and a silver electrode on bare InAs. Room temperature I-V characteristics for this device are shown in Fig. 4 . The plots are quite non-linear due to the charge conversion process that goes on at the interface. Electrical conduction changes from electron-dominated to hole-dominated character and vice-versa at the interface and this gives rise to a contact potential which shows up as the non-linearity in the current-voltage characteristics. The contact potential could be estimated as about 0.77 volt from these measurements. The large contact potential is typical of a charge conversion interface.
Of the two plots shown in the figure, the upper curve is for an as-spun PANI film on InAs whereas the lower curve was obtained when the device was exposed to gaseous ammonia. Ammonia is well-known to interact strongly with PANI, changing the polymer's colour from deep green to deep blue and markedly increasing the resistivity. The emeraldine base form of polyaniline when treated with acids such as
HCl gets converted into a highly electrically conductive emeraldine salt form. This form of polyaniline is thought to form by the protonation of the base form rather than by the oxidation of the p-electron system as happens with other conducting polymers [24] . On exposing the conducting form of polyaniline to ammonia the bridging nitrogen atoms between the aromatic rings undergo de-protonation. This forms ammonium ions, NH 4 + . These, in turn, may combine with counter dopants, that are 11 present from the polyaniline polymerisation process, to form ammonium salts. Loss of protons causes the observed fall in conductivity and the change in film colour. This hypothesis though widely accepted may not be entirely correct as the stability of ammonium salts would cause the effect to be almost completely irreversible [25] . In reality, as gas is allowed to diffuse out of the polymer film, the polyaniline film rapidly reverts back to its conducting form; changing its colour from dark blue back to green. This would imply that ammonium ions are not bound by anions in the polymer matrix and that the protons are either weakly held by ammonia molecules or are somehow only rendered electrically inactive. Ammonium ions themselves have no effect on this process and can not inter-convert between the two forms of polyaniline.
The increase in resistivity causes the I-V curve to shift downwards. The non-linearity of these curves as well as the resistance difference between pure and ammonia- Other combinations show change in electrical conductivity as a result of gate biasing but no transistor action [27] . In order to investigate the behaviour of polyaniline in such a structure we fabricated polyaniline-silica-silicon structures. This was done by first oxidising n-type doped silicon in dry oxygen to create a high-quality thermally-grown silica layer ~ 90 nm thick. Polyaniline was then spin-coated at 3000 RPM on this substrate. Gold dots, 2 mm in diameter, were deposited on top of polyaniline film through a shadow mask. The sample was then attached to a copper back-plane using silver paste so that the silicon substrate was in electrical contact with copper. In this configuration, the silicon substrate and, by extension, the copper plane acted as a gate. The current flow between goldpolyaniline contacts was measured at different applied voltages between the contacts as a voltage applied on the copper plate (with respect to one of the gold contacts) was varied. As seen in Fig. 6 , clear gate-mediated conductivity variation was observed with the current increasing almost linearly as the applied gate voltage was increased to -20 volts. From this plot, a transconductance value of 0.523 mA/volt can be obtained. This observation, which we believe is being reported for the first time, opens up the possibility of using field-induced conductivity variation in such applications as modulating the intensity of OLEDs where polyaniline is used as a hole injection layer [28] and in controlling the sensitivity of polyaniline-based sensors. 
